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INTRODUCTION
Plant nematology is a comparatively recent science. To date, most 
investigations in this field have been concerned primarily with a study 
of pathogenic nematodes, the diseases they cause and possible means of 
control of these diseases. However, little attention has been given to 
the fundamental, problem of host nutrition in relation to development of 
diseases incited by these organisms. As most plant parasitic nematodes 
are obligate parasites, direct nutritional studies on them are Impossible, 
since they generally cannot be grown on artificial media, and only their 
behavior as influenced by nutrition of the host can be observed. It Is 
then apparent that the relation of these pathogens to nutrition of their 
hosts represents such a wide range of interactions that no simple physio­
logical pattern can be anticipated. Plant nutrition is one of the 
environmental factors which, along with others such as temperature, 
humidity, soil moisture and soil reaction may have a measurable effect 
upon the course of disease development.
The relation of host plant nutrition to nematode disease develop­
ment can be ascertained in two major ways: first, by determining effects
of the parasites on growth response, mineral content and physiology of 
the host plant and secondly, by determining influences of host nutrition 
on development of the parasite. These latter effects can be approached 
in various ways, e.g., by the rate at which the nematodes develop, by 
the extent to which they develop and finally by the rate of their re pro­
ductivity.
The objectives of this study are to ascertain the effects of these
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two major factors; to determine whether degree of infection could be 
altered through changes in nutrient balance and whether such changes 
would explain some of the interactions between host nutrition and 
disease development.
LITERATURE REVIEW
There are many plant diseases in which nutrition of the host has 
an effect upon the rate and degree of disease development* ^any field 
experiments and controlled nutritional studies have been carried out with 
diseases caused by bacteria and fungi as well as virus diseases to 
determine the effects of various nutritional levels upon the course of 
disease development* Spencer (17)* Thomas (19), Walker (23) and many 
other workers have observed that the reaction of certain plants to 
pathogenic bacteria and fungi may be altered by varying the mineral 
composition of nutrient solutions supplied to the host* It is also 
well established that nutritional conditions of the host plants have a 
marked influence on growth and development of various bacteria and 
fungi that parasitize them* As far as can be determined, literature 
on the influence of nutrition on the reaction of host plants to para­
sitic nematodes is quite limited* Although the beneficial action of 
fertilizers in reducing nematode injury has been demonstrated in infested 
soil, the nature of this action has not been explained* Bessey (2) in 
1906 conducted several fertilizer experiments with various plants in­
fected with the root-knot nematode* He showed that fertilizers con­
taining nitrogen, when not in too great excess, benefited the plants 
somewhat while phosphatic fertilizers showed no benefit at all. On the 
other hand, potash exerted a remarkable beneficial effect upon the 
plants and enabled them to make a good crop In spit© of infection by 
nematodes. Bessey postulated that potassium might increase the ability 
of plants to prevent the entrance of nematodes into the roots.
A study of th© mineral content of plants infected with nematodes 
was initiated by Vanha (22) and Wilfarth and Wimnier (2lj.) in the case 
of diseased sugar beets. These workers found that diseased beets were 
characterised by low calcium, phosphorous, magnesium, and nitrogen and 
a very low potassium content. They concluded that the plants were 
deprived of nutritional substances due to presence of nematodes and 
stipulated that an abundant potassium fertilization would maintain the 
proper sugar content within the beets but would not prevent a lowering 
of the yield. Roemer (15>), however, was able to increase yields of 
nematode-infected sugar beets from 18,000 to 19*000 Kg per 2.1]7 acres 
by applying only a potassium fertilizer. Ellenby (8) tested various 
elements in an attempt to correct ”potato sick” soils and found that 
boric acid, zinc sulfate and magnesium chloride gave increased yields. 
Parris and Jehle (13) reported root-knot infected Fordhook lima beans 
deficient in phosphorous despite an adequate supply of this substance 
in the soil. Chlorosis has long been a recognized symptom of diseases 
due to various root-parasitic nematodes. Tarjan (l8) analysed boxwood 
plants infected with meadow nematodes Pratylenchus spp., and found that 
infected plants suffered from defieiences of essential elements. 
Chitwood, Specht and Havis (5) found changes in potassium, calcium and 
magnesium concentrations of peach leaves on plants infected with root- 
knot nematodes.
Development of root-knot nematodes has been reported to be in­
fluenced mainly by two factorss temperature and type of host plant. 
Temperature was investigated by Godfrey (9) and Jones (12)* Tyler (?l) 
in an extensive study on development of root-knot nematodes as affected 
by temperature indicated that the minimum time required for the life
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cycle of this nematode from larvae to larvae in tomato roots was 25
days at 27° C., and increased to 87 days at 16.5° C. Development from
gall formation to egg-laying required 15 days at 27° C ., and 79 days at 
o11;.3 C. Demonstrating the effect of the host on parasite development, 
Godfrey and Oliveira (10) found that in cowpea grown at a temperature 
permitting rapid development, the interval between penetration of larvae 
and first deposition of eggs was 19 days, but in pineapple, grown under 
identical conditions, it was 35 days. Chitwood (h) and Christie (7) 
have also indicated that a given species of nematode may have consider­
ably diverse rates of development in different host plant species, 
however no experimental data were given to indicate that nutritional 
differences were a factor. Tyler (20) in studies on parthenogenic repro­
duction of root-knot nematodes in agpptic root cultures postulated that 
a healthy condition of the host is an important factor for development 
of its parasite.
From the proceeding review, it therefore can be seen that in the 
case of certain nematode diseases of plants there is a marked reduction 
in certain of the nutritional elements contained in the plants. Because 
a more adequate explanation of the relation of host plant nutrition to 
infection by root-knot nematodes was desirable, further investigation of 
this question was tinder taken.
m TERIALS AM) METHODS
Inoculum Preparation
The root-knot nematode species used in these experiments was 
Meloidogyne incognita (Kofoid and White, 1919) Chitwood, 19i>9* 
Identification of this species was determined according to Chitwood*s 
criteria (3). For obtaining a pure population of this nematode, egg 
masses of the Identified females were allowed to propagate on the 
Rutgers variety of tom to Lycopersicon esculentum Mill. on which pro­
duction of egg masses readily occurs. In the first experiment con­
cerning studies of different levels of nitrogen, phosphorous and 
potassium in deficient and excess concentrations, three levels of 
nematode inoculum (0, 10 and £0 egg masses) were employed. Egg masses 
were carefully dissected from infected roots and immediately used for 
inoculum. In all other experiments higher inoculum levels of 0, 5>0, 
and 200 egg masses were used. As it was necessary to dissect a con­
siderable number of egg masses from Infected roots, another method for 
obtaining the representative amounts of inoculum was employed. Heavily 
infected tomato roots bearing numerous egg masses were finely chopped 
and thoroughly mixed. Egg masses contained in a portion of this tissue 
were counted under a binocular microscope and the corresponding weights 
of roots containing approximately $0 and 200 egg masses were then 
computed. Before any inoculum was selected, several representative egg 
masses were examined microscopically to be certain that either first 
or second stage larvae were present.
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Sand Culture Preparation
Glazed, three-gallon crocks provided with drainage ware used as 
containers. Washed, white quartz sand was used as the growing medium. 
Crocks and sand were steam sterilized at 20 pounds pressure and 2^9° F • 
for a minimum of three hours. Crocks were filled to one quarter of 
their capacity with a coarse sand of eight mesh, on top of which a finer 
sand of approximately i|0 mesh was added so that they were about half 
full. The required amount of inoculum was then distributed evenly over 
the surface, after which an additional layer of the fine sand was added 
thus bringing the surface to about two inches from the top of the crock.
Seeds of lima bean Phaseolus lunatus L. variety Henderson were 
treated with tetrachloro parabenzo-quinone (Spergon) and were sown 
into germination boxes containing sterilized, white, coarse sand. The 
germination boxes were covered with glass sheets for three days and 
were held on the greenhouse bench at 80° to 90° F, When the seedlings 
had reached the third or fourth leaf stage, selected plants of uniform 
length and growth were transplanted using one per each crock. Nutrient 
treatments were begun immediately after transplanting.
Nutrient solutions in distilled water were prepared from molar 
stock solutions of the following C.P. salts: CaCNO^) 2*^2°* KNO^, CaC^,
KOI, Had, T-%30̂ , KI^PO^, and Na^PO^. The nutrient solution used 
throughout was a modification of that formulated by Hoagland and Snyder 
(11)• In addition to the complete solution (NPK), solutions containing 
extra quantities of one of the elements N, P and K and solutions lack­
ing one of these elements were used. Composition of these various 
nutrient solutions is given in Table I. The reaction of all solutions 
was adjusted to a pH range of 5>.8 to 6.1*. The same amount of minor
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TABLE I. Composition of nutrient solutions used in studying the effect 
of nitrogen, phosphorous and potassium nutrition on reaction of 
lima bean plants to infection by a root-knot nematode Meloidogyne incognita.
Stock solutions
Ml. of molar stock solutions added 
water to make 1 liter of nutrient.
to distilled
Complete -N +H -p +p -K +K
M/l Ca(N03)2.l# ?0 5.0 • ♦ • 5.0 5.0 5.0 5.0
M/l KS03 5.0 • • • £.0 5.o 5.o • e * 5.0
M/l HaH03 • • • • * • 2.0 • * » • • * 5.0 • ♦ #
M/l CaCl2 • • • 5.0 • • * • • • • * • • • • * • *
M/l KCl • • • 5.o • • • 1.0 • • • • • * 2.0
M/l HaCl 2.5 2.5 0.5 2.5 1.5 2.5 0.5
M/l MgSO^ 2.0 2.0 2.0 2.0 2.0 2.0 2.0
M/l KHgPO, 1.0 1.0 1.0 » • • 1.0 • « • 1.0
M/l HaHgPO, • « » • « * * * * • * * 1 .0 1.0 * • •
A - Z* 1.0 1 .0 1.0 1 .0 1 .0 1 .0 1.0
*Micronutrient solution prepared according to Hoagland and Snyder
( i i ) .
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element stock solutions was added to each of the various solutions*
In treatments involving higher concentrations of the nutrients, WaCl 
was added so that the proportions of the major elements could be 
varied without changing the total salt concentration*
On the assumption that the form of nitrogen might have an influence
on disease development, one experiment was conducted to determine the
effect of ions as compared with ions, the HO^ solution was
the same as the complete solution (NPK) used in the first experiment.
In the solution Ca(HO^)^ and KNO^ were replaced by CaCl^ and KC1,
respectively, and an equal number of nitrogen atoms was added in the
form of KHt Cl.
a
For further studies regarding the effect of potassium host nutri­
tion, it was desirable to place the mineral elements on a chemically 
active equivalent basis to Insure accuracy of the analysis. For this 
reason the nutrient solutions employed in the potassium experiment 
series were prepared on a milliequivalent basis. Composition of these 
nutrients is shown In Table II. Potassium concentrations were selected 
on the basis of a preliminary test so that treatment K-̂ was expected 
to result in potassium deficiency, treatment K0 to result in optimal 
growth and treatment to provide excessive potassium.
Throughout the period of experimentation, nutrient solutions were 
supplied at the rate of 2£>0 ml. daily for the first week, after which 
an application of I4OO ml. was added three times a week. All crocks were 
flushed with tap water once a week in order to prevent any accumulation 
of salts.
The experimental design was a randomised complete block with four 
replications. Throughout the period of experiments continuous greenhouse
10
temperature records were obtained which showed a daily temperature vary­
ing from 65 to C5° F# with an average of ?5° F.





Ca K Ha N°3 U?P0h S01 Cl
K1 10.0 l.o 0.5 10.0 15.0
C•H l.o 1.5
K2 10.0 1.0 6.0 1.5 15.0 1.0 U.o 1.5
k3 10.0 1.0 10.0 0,5 c.ITH 1.0 1.0 1.5
--In addition a micronutrient solution as described by Hoagland and 
Snyder (ll) was added to each treatment.
Chemical Determinations
In harvesting, the plants were cut at the sand surface and fresh 
weights of tops and roots were determined. All the leaves were removed 
from each plant and kept separately In a paper bag and remains of the 
plant were kept in another bag. The plant© were then dried in an oven 
for 21 hours at approximately 125° F. and total dry weight of each was 
then recorded* Leaves were ground In a Wiley mill equipped with a 60 
mesh wire screen* Ash solutions were prepared and analysed for phos­
phorous, magnesium, calcium and potassium. Total nitrogen was deter­
mined by the raicro-Ijeld&hl apparatus according to the method described 
by Hanker (11*), and was modified by using 2% boric acid to receive the 
distillate. Potassium and calcium were determined by use of the Beck­
man flans spectrophotometer. Magnesium readings were obtained with a 
Leitz photoelectrometer. Phosphorous was determined essentially by the
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official methods (l). Loaves of each plant were analysed separately 
with two replicates of each plant*
Manner of Recording Results and Disease Criteria
When plants had reached maturity, roots were washed free of sand 
and rinsed in tap water. After drainage for a few seconds remaining 
free water was blotted from them with toweling. Fresh weights and 
dry weights of tops and roots were then determined.
Indexing of infected roots was accomplished by using a system 
similar to that described by Smith and Taylor (16) . Infected root 
systems were examined visually and grouped according to the following 
criterias
0. Wo evidence of galling.
1* Trace of galling$ occasional individual galls.
2. Moderate gall formation*
3. Extensive production of galls.
hm Severe galling with most of root system infected.
Roots of infected plants were finely chopped and one gram from each plant 
was preserved in formalin for future counts of females and egg masses. 
Values for the rate of nematode reproduction were obtained by dividing 
the number of egg masses by the number of mature females per plant.
Analysis of variance was applied to the analytical data, growth 
data,, and nematode counts*
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Demonstration of Nematode Deve 1 opmental Stages within the Root Tissue
The final experiment was designed in an attempt to demonstrate 
the effect of potassium host nutrition on developmental stages of the 
parasite, Lima bean seedlings were transplanted to small pots each 
containing 10 egg masses of Mm incognita. After three days such seedlings 
were removed and the roots were washed free of sand and rinsed in tap 
water. Such cleaned seedlings were then re transplanted to glassed one 
gallon crocks filled with sterilized pure quarts sand, Nutrient treat­
ments were followed immediately after transplanting. Effects of three 
levels of potassium representing low, optimum and excessive concentra­
tions on development of the parasite were studied. Composition of the 
nutrient solutions used is given in Table II. Application of 2$0 ml. 
was made to each crock every other day and they were also flushed 
weekly with tap water. All plants were subjected to the same tempera­
ture range, ^vexy other day one plant from each treatment was removed 
from the crock, the sand washed free from the roots, and the entire 
root system was fixed with a modification of Flemming^ f o r m u l a In 
preparing the solution, six cc of distilled water, 10 cc of 1$ chromic 
acid, 10 cc of 10% acetic acid and two cc of 2% osmic acid were com­
bined and heated to approximately f>*>° C# Roots were immersed for about 
hour after which they were washed in running water for at least four 
hours| they were then transferred to l£$ ethyl alcohol for 15 minutes,
30$ for §■ hour, %Q% for one hour and absolute alcohol for two hours *
1The technique employed was a slight modification of a method sug­
gested by H. W. Reynolds, Division of Hematology, TJ• S. Cotton Field 
Station, Sacaton, Arizona.
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The dehydrated roots were then cleared in methyl salicylate. This 
technique was very satisfactory for staining the parasites and clear­
ing the root tissues. A small portion of the root system was clipped 
off and examined under a dissecting microscope and every nematode 
found was classified and recorded according to Christie*s groups of 
stages of development (6). This system is illustrated in Figures 11, 
12, 13, lU, and l£. Examination continued until 100 parasites had 
been counted from each plant.
TCXPERBfiNTAL RESULTS
Influence of Nitrogen, Phosphorous and Potassium on 
the Reaction of Lima Bean Plants to %loidogyne incognita
In this experiment, the effects of a complete balanced nutrient
solution, deficient concentrations of nitrogen, phosphorous and potassium 
as -well as excessive concentrations of these three elements were studied. 
The analysis of variance given in Table TII reveals that the different 
nutritional treatments and the amounts of nematode inoculum exerted
a significant effect on plant growth. In Table IV and Figure 1 are ore-
sented the mean values of fresh weights of lima bean plants as influenced 
by variations in nutrient supply and nematode inoculum* Data indicate 
that uninoculated plants subjected to deficient treatments ©f nitrogen, 
phosphorous and potassium made significantly poor growth as compared 
to plants supplied with complete nutrient solution* On the other hand, 
when these uninoculated plants were supplied with excessive amounts of 
nitrogen, phosphorous and potassium they did not increase significantly 
in fresh weight as compared to plants supplied with the complete nutri­
ent solution. This indicates that composition of the solution used 
as a complete nutrient treatment was an optimum nutrient level for 
growth of lima bean plants under conditions of this experiment* For 
this reason, plants grown in this complete nutrient solution will be 
regarded as control plants for the purpose of comparing with other 
nutrient series.
Effects of nematode infection with respect to each individual 
nutrient treatment can be illustrated as follows*
1. Nitrogen treatment. Two tests were carried out with nitrogen
TABLE III, Analysis of variance of the effects of different nutri­
tional levels and amounts of nematode inoculum on fresh weights 
of lima bean plants.
Source of variation D.F. Sum of squares Variance F value
Nematode treatment
Nutrient treatment 6
2 20,3*8.36 10,271*. 18 320.57*-
1*86,809.26 81,131*.88 2531.5**






-^Significant at the 1% point.
nutrition. The first had three levels of nitrogen representing deficient, 
optimum and excessive levels. Plants at the deficient level made signi­
ficantly less growth and were very yellow and stunted in appearance. 
Nematode inoculum produced a marked effect on plants subjected to a 
deficient supply of nitrogen. While the 10 egg masses inoculum level 
slightly reduced fresh weights of the plants, the 50 egg masses 
inoculum level had a highly significant effect In decreasing their 
fresh weights. With the excessive nitrogen treatment, both levels of 
Inoculum exerted a highly significant decrease in fresh weights. Data 
also indicate that plants which received excessive amounts of nitrogen 
and were inoculated with few egg masses did not differ significantly in 
their fresh weights from plants which received complete nutrient 
solution. However, with an inoculum of 30 egg masses, fresh weights 
of plants which received excessive amounts were greatly reduced as
16
TABL3 17* Fresh weights of lima bean plants grown in different nutrient 
solutions and inoculated with three levels of nematode egg masses*
Nutrient treatments Fresh weight** of plants under three levels
of nematode egg masses inoculum _ _  , —  , ^  _
Complete nutrient sol. 197.7 177.7 119.7
Deficient nitrogen sol. 18.2 Uo.6 21*.9
Excessive nitrogen sol. 201.9 179.2 129.8
Deficient phosphorous sol. 11.8 11.2 10.9
Excessive phosphorous sol. 201. k 177.3 1U3.7
Deficient potassium sol. 93 .9 27.8 9-U




*Bas±c figures represent average fresh weights in grams of four
replications•
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compared to fresh weights of plants which received the complete nutri­
ent solution* Such findings indicate that deficiency of nitrogen as 
well as an excessive supply of this element had a marked influence in 
increasing susceptibility of lima bean plants to nematode infection.
In the second test of this nitrogen experiment series, a compari­
son of nitrogen as ammonia and as nitrate in relation to nematode 
infection was studied. Table V shows response of the host plant under 
two nitrogen sources when subjected to nematode infection. Studies 
on the rate of nematode reproduction as influenced by the nitrogen 
ion are also shamin Table ¥. Bata reveal that differences in fresh 
weights between the uninoculated plants supplied with ions and 
those supplied with ions were not significant. On the other hand, 
there were significant differences in the case of inoculated plants.
The difference between and !H^ sources of nitrogen was highly 
significant when plants were inoculated with 200 egg masses. The 
number of mature females as well as the number of egg masses produced 
per gram of root was found to be greater in plants which received 
nitrate nitrogen as compared to those which received ammonia nitrogen. 
Root gall index was also found to be higher in the nitrate treatment 
than in the ammonia treatment. Respite the differences in number of 
females and egg masses produced under the two treatments, rates of 
nematode reproduction were equal in both NCU and solutions Indi­
cating that at the nutrient concentration used, neither form of 
nitrogen had any effect on this phase of nematode development. The 
decrease in number of females as well as number of egg masses obtained, 
under the ammonia nitrogen treatment was possibly due to the inhibitory 
effect of the HH^ ions on hatching of eggs used for inoculum. Once
TABLE V. Effects of nitrogen ions on growth of lima beans and rat© of reproduction of IJeloidogyne 
incognita.
Types of nitrogen 
ions
















0 0 207.1 0 0 0
5o 2.8 l6o.ii 201 9h O.J468
200 ii.O lOii.7 1*68 211 o.}|5o
0 0 200.3 0 0 0
m k 5o 2.0 177.8 lh9 68 O.U56
200 3*0 lbO.li 236 112 Q.hlk
Least significant 
difference
0.05 17.9 55.7 lli.8 0.119
0.01 2U.6 78.2 20.8 0.167
dumber of egg masses divided by number of mature females.
H03
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nematodes were able to hatch and infect the host plant they apparently 
were able to develop normally within the host tissue*
2. Phosphorous treatment* Phosphorous deficient plants made 
greatly reduced growth when compared to plants growing on other nutrient 
treatments* Nematode inoculum had no apparent effect on fresh weights 
of plants suffering from lack of this element* However* when phos­
phorous was supplied at an excessive level, nematode inoculum showed 
a marked effect in reducing fresh weight of plants. Ho significant 
difference was obtained between the excessive phosphorous treatment and 
the complete nutrient treatment under the three levels of nematode 
inoculum.
3* Potassium treatment* Under deficient potassium treatment, both 
levels of nematode inoculum caused highly significant reductions in 
plant growth* On the other hand, under excessive potassium treatment 
nematodes produced only a slight response. Apparently the excessive 
amount of potassium exerted a beneficial effect upon the plants and 
enable them to mate good growth despite nematode infection. From the 
data in Table IV* it is evident that 10 egg masses inoculum had no 
significant effect on plants supplied with excessive potassium. With 
50 egg masses inoculum, growth of the plants was reduced to some extent 
but they were able to maintain growth comparable to that of uninoculated 
plants supplied with complete nutrient solution.
Results of this experiment reveal that with deficient nutrient 
treatments, degree of plant response to nematode infection was greater 
under deficient potassium, deficient nitrogen and deficient phosphorous
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treatments respectively• On the other hand, with excessive nutrient 
treatments, severity of infection was greater under excessive nitrogen, 
somewhat less with excessive phosphorous, and least at the excessive 
potassium treatment. It is evident then, that nematode injury was 
greatest under potassium deficiency and least when potassium was 
abundant* The striking effect of potassium nutrition of the host in 
relation to infection by this nematode, indicated the desirability to 
further investigate this phenomenon*
Potassium Experiment Series
Effects of Potassium Host Nutrition and Nematode 
Inoculum on Plant Growth
From the previous experiments on host nutrition it was obvious 
that deficient and excessive nutrients supplied to host plants affected 
the rate and degree of disease development incited by a root-knot 
nematode. Studies of potassium host nutrition and amount of nematode 
inoculum were carried out to determine their effects on the degree of 
visible symptoms and rate of growth of lima bean plants*
Foliage symptoms * Foliage symptoms resulting from deficient, 
optimum and excessive potassium treatments combined with nematode In­
fection are shown in Figures 2, 3, and I*. Two weeks after planting, 
symptoms of potassium deficiency in treatment were beginning to 
appear. Plants were very stunted, dark green In color and older 
leaves showed yellow-green circular areas. Potassium deficient plants 
inoculated with £f) egg masses as well as 200 egg masses did not differ 
in their degree of symptoms• They were both very stunted in appearance; 
older leaves showed signs of scorching then became yellowish and 
finally fell off. Nearly all mature leaves were lost, but the plants
continued to grow and formed new leaves. Pods in general were small 
in size and exhibited chlorotic areas which became brown and dry 
(Fig. 5>) . Plants treated with Kp solution appeared healthy and showed 
a normal green color. In this treatment, plants Inoculated with ^0 
egg masses were reduced in size and their lower leaves became gradually 
yellow and finally dropped. Those inoculated with 200 egg masses were 
stunted and older leaves died prematurely. Pods also showed chlorotic 
dry areas. With treatment K ,̂ although the plants appeared, very 
similar to those in treatment K̂,, they were somewhat taller. Inoculum 
of $0 egg masses did not appear to have an effect on plants receiving 
an excessive potassium supply and those inoculated with 200 egg masses 
made good growth despite the higher inoculum level. However, some 
basal leaves became yellow and later dropped. Ho evidence of chlorotic, 
dry areas was observed on the pods.
Growth regponse. As measures of total growth, the fresh weight
per plant and total dry weight per plant were used. These data as well
as those for percentage dry matter for the whole plants are shown in
Table VI. Data reveal that growth of uninoculated plants Increased as
the potassium concentration increased from K, to K while treatment K1 2  3
did not cause a significant increase in either fresh weight or dry 
weight as compared to treatment K^. Growth of inoculated plants was 
significantly reduced as compared to unlnoculated plants when the level 
of potassium nutrition was similar but growth of inoculated plants 
increased significantly when potassium supply was increased from to 
Kp to From dry weight data it is also evident that plants in­
fected with egg masses and supplied with excessive potassium, made
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TABLE VI, Total fresh weight, total dry weight and percentage dry
matter of lima bean plants grown at various potassium levels and 









K-j#* 113.2* 22.6 19.9
K2 203.3 38.6 19.0
S 208.5 39.5 19.0
«■ smk 99.5 19.9 20.0
5o esk IhT.U 28.0 19.0
50 S M 3 180.5 36.1 20.0
200 EMK 89.1 16.0 19.0
200 S*,1K 100.9 19.1 19.0
200 EMK3 113.0 22.5 20.0
Least significant
difference
o.o5 9.6? 1.82 n.s.
0.01 13.06 2 .h6 n.s.
^Figures represent average weights of four plants. 
**Three levels of potassium nutrition.
s* Egg masses.
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growth almost equal to the plants in treatment K . Percentage dry matter 
for the whole plants did not differ significantly among treatments.
Figure 6 shows growth response of the plants on a dry weight basis 
under conditions of this experiment.
Effects of Potassium Host Nutrition and Nematode 
Inoculum on Mineral Content of the Host Plant
Chlorosis as a result of nematode infection of plants is now a 
matter of common knowledge, but the nature of this symptom is not well 
understood. Since it seems likely that such chlorosis could be due to 
mineral deficiency the present stu<fy was carried out in an attempt to 
ascertain the type of such deficiency under controlled plant nutritional 
conditions. The total amounts of certain mineral elements of uninoculated 
and inoculated plants are recorded in Table VII. In general 
uninoculated plants contained a higher amount of these elements than 
infected plants. In the growth data (Table VI) it is shown that between 
treatments and there were no significant differences in total dry 
weight or fresh weight. A similar situation as far as the amount of 
minerals contained in the previous two treatments also existed, except 
that potassium content in treatment was significantly higher. This 
condition Indicates what Is known as "luxury absorption” when the con­
tent of potassium in the tissue increases without increase in growth.
On the other hand, the amount of mineral elements of infected plants usually 
increased when potassium concentrations of the nutrient solution in­
creased. Bata Indicate that infected plants with a relatively moderate 
amount of inoculum (£0 egg masses) and supplied with excessive potassium 
maintained mineral levels comparable with that of control plants in 
treatment K^. However, with a heavy amount of inoculum (200 egg masses)
2h
TABLE ¥11. Mineral contents of lima bean plants grown in nutrient 
solution with variations in potassium concentrations and 
nematode inoculum levels.
Treatment Grams per plant**
K Ca % N**
K1 0.091 2.07 0.330 0.617 0.321
K? 1.118 2.87 0.600 0.881 0.36?
k3 1.733 2.91 0.602 0.92? 0.392
?0 EMK 0.06? 1.82 0.283 0.1*1? 0.231}
?o em 2 1.039 2.2? O.U63 0.?2*0 0.222
?n 'Em 1.2?0 2.67 0.639 0.7?2 0.311
200 EMK1 Q.0?i* 1.22 0.221* 0.280 0.12?
200 E M 2 0.?86 1.32 0.2?0 0.381 0.133
200 WMj 0.72? 1.93 0.14.32 0.6?2 0.223
Least significant 
difference
0.0? 0.0?2 0.26 O.OI48 O.0?0 0.028
0.01 0.071 o.3? 0.06? 0.070 O.038
*Based on total grams dry weight as shown in Table VI.
s total nitrogen.
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the excessive amount of potassium supplied apparently was not enough 
to maintain a proper mineral level as compared to control plants*
Differences in absorption of certain mineral elements in the in­
fected plants when potassium concentration of the nutrient solution 
was increased from optimum to excessive levels are shown in Table VIII 
and are illustrated in Figure ?. It will be noted that as the number 
of egg masses used for inoculum was increased these differences became 
progressively less for potassium and greater for the other elements*
Hate of Mematode Reproduction as Affected 
Potassium Nutrition of the Host Plant
Little or no information is available regarding influence of 
nutrition on reproduction of parasitic nematodes* The present study was 
undertaken to investigate the effect of various concentrations of 
potassium on the production of females and egg masses of the root-knob 
nematode, Meloidogyne incognita* Results of this experiment are given 
in Table IX* Examination of the data reveals that the average increase 
in number of females and egg masses was significant with each increase 
in concentration of potassium* The mean effect of increase of inoculum 
increment was likewise highly significant in increasing the number of 
females and egg masses produced* Chitwood (h) has shown that with 
certain root-attacking nematodes the mean number of females and the 
mean number of egg masses produced per unit of inoculum were inversely 
proportional to the amount of inoculum* The present results tend to confirm 
this. For each of the optimum and excessive potassium levels it was 
found that an increase of egg masses in the inoculum usually resulted in a 
corresponding significant decrease in number of mature females as welt 
as a decrease in number of egg masses produced on the test plants per
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TABL3 ¥111• Differences in absorption of certain mineral elements by 
plants infected with Meloldogyne incognita when potassium supply 
of the host increased from optimum to excessive levels.
Units of nematode Difference in absorption* of mineral
inoculum elements between treatments K-, and
(egg masses)
K Ca Mg M P
0 0.6l£ 0.00J4 0.002 0.0 UU 0.02?
90 0.211 0.01a2 0.172 0.212 O.O89
200 0.139 0.06l 0.180 0.271 0.090
“Grams per plant.
unit of inoculum. However, in the case of deficient potassium level 
this relationship was only slightly evident. This indicates that the 
number of @gg masses produced per unit of inoculum may be influenced by 
the amount of potassium available.
Reproductive activities of the nematodes may be limited more by 
availability of potassium than by amount of root space available to the 
nematode. When potassium was low an average of five egg masses was 
produced per unit of inoculum and the mean root weight per plant was 
12 gm. When the level of potassium was optimum the mean number of egg 
masses produced per unit of inoculum was 30 or six times as great as 
that of the low potsssium level, while the average root weight was 27 
gm. or only slightly more than double the root weight for the low 
potassium level. When potassium level was excessive the mean number of 
egg masses produced per unit of inoculum was 32 and the root weight 
was 21 gm., indicating that an increase in potassium from optimum to 
excessive had little effect on the corresponding root weight and number
TABLE IX, Relationship of potassium nutrition and amount of inoculum to rate of reproduction of 
Meloidogyne incognita in infected roots of lima bean plants.





























So 3.2 9.2 117 1081* 22 20 200 1.1! 0.168
200 3.8 15.0 21*6 3675 18 83 1229 6 0.33li
K2 ^0 2.7 32.5 126 1*079 82 51* 166? 32 0.!j28
200 ii.O 23.1 31*6 8031* 1*0 196 28 0.568
K3 50 3.0 21.2 158 3330 67 108 2281 U5 0.688
200 ii.O 21.1 361 7668 '9 186 396b 20 0.5U*
Least significant 
difference 
.05 5.8 16.9 589.0 10.6 13.7 ?o5.8 5.7 0.173
.01 7.6 23.2 807.8 lit .6 18.8 U19.3 7.9 0.236
F̂emales per plant divided by egg Basses in inoculum, 
**Egg masses per plant divided by egg masses in inoculum.
ŵnqjumber of egg masses divided by number of mature females.
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of egg masses produced per unit of inoculum. Thus while root weight 
increasesby a factor of two from to and levels the number of 
egg masses produced per unit of inoculum increases by the factor of six. 
These data indicate that the maximum number of females which the roots 
supported under the optimum and excessive potassium levels of this 
experiment was in the vicinity of 38'G females per gram of root. Y'hen 
roots were infected to that extent the rate of reproduction was about
0.5- Plants inoculated with 20' egg masses and given the excessive 
level of potassium did not support a greater number of females and egg 
masses than such plants receiving the optimum level of potassium.
Similar results were evident in the comparison of root gall indices 
of these plants. Such failure was attributed to the effects of over­
crowding. When roots were not heavily infected, as in the case of 
plants receiving f>0 units of inoculum, the number of egg masses per 
gram of root increased with the increase in potassium level. Rat© of 
reproduction also increased significantly as the levels of potassium 
increased. Among plants receiving a relatively low amount of inoculum, 
rates of reproduction were apparently limited by the amount of potassium 
available, as indicated by the highly significant differences between 
treatments. On the other hand, with higher amounts of nematode inocu­
lum an increase in potassium correspondingly increased the rate of 
reproduction up to a certain point between that produced by the K0 and 
levels. Thus it seems that rates of reproduction of nematodes among 
plants receiving higher inoculum and treated with higher potassium 
concentrations are correlated with the amount of root available and 
with competition between nematodes for root space rather than with the 
amount of potassium available*
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Development Time of the Nematode within Root Tissue 
of the Host Plant as Affected by Variations in the 
Amount of Potassium Supplied to Host
Host-pare site relationships of M. incognita were determined pri­
marily by effects of the parasite on the host and effects of the host 
on the parasite• Effects of the host on the parasite become manifest 
in various ways, e.g., by the rate at which the nematodes develop, by 
the extent to which they develop,1 by the percentage of females that 
reach maturity and by the number of eggs deposited by these females. 
However, host-parasite interactions cannot be separated from the inter­
play of the environmental factors upon them. Temperature in this 
respect seems to be the most important factor; On the other hand, plant 
nutrition, as a major environmental factor, has not been studied ex­
tensively but it is one which deserves much more consideration. For 
this reason, an experiment to determine influence of various levels of 
potassium host nutrition on development of a root-knot nematode was 
studied. Results are shown in Table I. Development of the parasite 
was slower in lima bean plants receiving a deficient potassium nutrition 
level than in plants receiving either optimum or excessive potassium 
levels. While the period that elapsed from the time of inoculation 
until the parasites developed through stages A, B and C (Figs. 11, 12, 
and 13) was approximately identical in the three nutrient treatments, 
the period required for further development was considerably influenced 
by nutrition of the host plant. Nematodes reached full growth (stage D) 
after IB, 16, and 12 days from the time of inoculation under deficient, 
optimum and excessive potassium treatments respectively. The period 
required for egg deposition was also considerably affected by variations 
in the levels of potassium supplied to host. In this respect the time
TABLE X* Development time of the root-knot nematode, Ifeloldogrns Incognitat in lima bean plants 
supplied with deficient, optimum and excessive potassium nutrient levels.
Humber of parasites in each group-rum iMinmn—wi iwii—mAi i i mm riTir̂innnwrmr *i m\m'lumber of days 
after inoculation A
deficient K 
B C D 8* A
Optimum K 
B C D ,vb“ A
Excessive K 
B C 0 E
! .
i-4 100 0 0 0 0 100 0 0 0 0 100 0 0 0 0
6 97 3 0 0 0 93 7 0 0 r\ 87 13 0 0 0*>U 83 17 0 0 0 82 18 0 0 0 77 on 0 0 0
10 77 23 0 0 0 35 b5 0 0 0 35 52 13 0 012 66 20 tti 0 0 17 75 8 0 0 7 68 15 10 0
111 bl b7 12 0 0 15 63 22 0 0 9 bl bo 16 0
1,6 29 h7 2b 0 11 31 52 6 0 0 22 2b 23 31
18 16 h2 38 b 0 8 21 6b 7 o 0 0 29 17 bb20 16 33 52 9 0 5 16 66 13 0 0 0 3 27 70
22 12 19 55 lb 0 0 12 69 19 0 0 0 0 6 9b
2b 9 21 50 19 0 0 5 b? 28 2026 b 13 li5 28 0 0 0 17 35 b828 1 19 5b 27 0 0 0 3 13 6b
30 0 9 b8 33 0 0 0 n 8 92
32 0 5 65 30 0 0 0 0 C 98
3b 0 2 5b b2 036 0 h9 6i 0
38 0 32 68 0
bo 0 0 28 70 2
) o 0 0 26 6? 5
bb 0 0 19 70 11
L{6 0 0 11 5b 35
b* 0 0 9 55 b6
50 0 H 5 bb 51
52 0 0 b 37 59
5b 0 0 0 12 88
L̂etters refer to developmental stages of the nematode as illustrated in Figures 11, 12, 13, lit, and IS".
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that elapsed from stage D in which the females are fully grown (Fig. Ik) 
to stage E in which eggs are deposited (Fig. IS) , was 22, 8 and U days 
under deficient, optimum and excessive levels of potassium respectively.
If is evident from the proceeding data that the number of parasites 
which reached each stage of development was greater in plants receiving 
excessive and optimum potassium treatments than the number in plants 
receiving the deficient potassium treatment. However, no differences 
were noticed in the sizes of the parasites under these conditions.
Table XI is a condensed comparison of lengths of time required for 
developmental stages of the nematode in lima bean plants supplied with 
three different levels of potassium concentrations. It is evident 
that the greatest difference between the three nutritional treatments 
lies in their Influence on length of time required for development 
from, the mature female (stage P) to egg-laying (stage 3). The first 
eggs were not observed until about UP days from the time of inocu­
lation in deficient potassium series, 2U days In the optimum potassium 
series, and 16 days in the excessive potassium series. Such findings 
indicate that potassium host nutrition is of considerable importance 
in determining development time of this root-knot nematode.
3?
TABU? II* Comparative development times of the roofy-knot nematode ,
Meloidogyne incognita. as influenced by variations in the amount 
of potassium supplied to the host plant.
r' J'n r T' ~T''' ",T"i n fê iod' py 'deveiopment in days " " "
Stages of development
Deficient K Optimum K Excessive K
From stage A to stag© B 6 6 6
From stage B to stage C 6 6 h
From stage C to stag© D 6 h 2
From stage D to stage E
Egg production from time 
of inoculation
22 8 h
First females depositing eggs ho 2h 16
$0% of females depositing eggs $o 26 20
8$% of females depositing eggs 30 22
DISCUSSION
The subject of plant nutrition in relation to diseases incited by 
nematodes has received little attention but is one which deserves much 
more consideration* Root-knot nematodes, Meloidogyne spp* are obligate 
parasites and their mode of parasitism requires a living tissue to 
secure an adequate food supply in order to complete their life cycle.
The nature of substances necessary for their growth and development 
are not known since it has not been possible to cultivate them arti­
ficially on nutrient media. However, their behavior in this respect 
can be observed as influenced by nutrition of their hosts. Since field 
fertiliser experiments are subjected to many raicroclimatic factors, 
it is difficult therefore to distinguish between such factors and the 
nutritional effects on the course of disease development. By growing 
infected plants in nutrient solutions, an approach to basic nutrient 
requirements of the host as well as the pathogen was provided.
The information presented in these studies indicates clearly that 
the types and amounts of nutrients supplied to host plants are important 
factors in predisposing plants to nematode injury and in determining 
the degree of disease development. There was a wide difference in the 
degree of susceptibility of plants to nematode infection in the 
deficient nitrogen, phosphorous and potassium series even though all 
of the plants showed reduced vigor. Nematode injury was pronounced 
particularly in the potassium deficient plants. In contrast to these, 
it was noticed that enhanced growth which resulted from an extra 
supply of nitrogen also promoted development of root knot. This is 
probably due to the fact that oversupply of nitrogen will result in
feeding the parasites on more succulent roots so they are well 
nourished and reproduce better. In this connection a question was 
raised as to whether nitrogen as ammonia or as nitrate might affect 
the course of disease development. In general amionia decreased
the amount of nematode injury as well as the number of females and egg 
masses produced on infected roots. The rate of nematode reproduction, 
however, was equal in both nitrate and ammonia treatments indicating 
that development of the parasite within root tissues was Independent 
of the two types of nitrogen ions. Excessive application of phosphorous 
showed no beneficial effect.
Potassium apparently plays a very important role in the response 
of lima bean plants to infection by Meloidogyne incognita. Infected 
plants were found to be lower in nitrogen, phosphorous, calcium and 
magnesium .and considerably lower in potassium when compared to healthy 
plants. When potassium was supplied at an excessive level, infected 
plants made almost normal growth and maintained mineral levels comparable 
to uninoculated plants. Hate of mineral absorption was affected by 
presence of nematodes in the roots. Differences in relative absorption 
of these elements when potassium supply of the host was increased from 
an optimum to an excessive level reveal that when there was no nematode 
infection potassium absorption Increased while absorption of the other 
elements did not significantly increase. This condition which Is 
known as ”luxury absorption*1 occurs when the amount of potassium In 
the tissue increases without increase in total growth. This condition 
was altered when nematodes were introduced to plants, as an Increase 
in nematodes inoculum correspondingly decreased potassium absorption 
while the absorption of other elements was relatively increased.
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Since Meloidogyne Incognita has not been grown in pure culture it is 
not easy to determine whether potassium affected the parasite directly, 
but in view of the host chemical analysis and the fact that potassium 
deficiency markedly increased nematode injury, it may be possible to 
postulate that this element is necessary for growth and development 
of the parasite as well as for the host.
It has been reported that development of root-knot nematodes is 
influenced mainly by temperature and type of host plant* Upon the 
basis of the data obtained in the present investigation it was possible 
to demonstrate that the nutritional status of the host also plays an 
important role in influencing the length of nematode life cycle* The 
life cycle is usually considered to be the time that has elapsed from 
a newly deposited egg through maturity of the adult to the first 
deposition of eggs* But as Is well known larvae of root-knot nematodes 
are capable of remaining in soil in their second stage for an Indefinite 
period, and do not develop further until they enter a root. The actual 
length of life cycle, therefore, may vary from a few days to several 
months under field conditions. It is of more practical significance to 
consider the time from entry of the root to egg production. This might 
be called the 1 development time" of root-knot nematodes* In this 
respect, potassium nutrition of the host showed that the length of time 
required for development of this nematode from the fully grown female 
stage to the egg-laying stage and the time required for egg deposition 
decreased as amount of potassium increased. The rate of nematode re­
production was correspondingly increased when the potassium supply 
increased. Increased injury will result when the time required for 
nematode development increases since the parasite will continue to feed
to secure its necessary supply of potassium from the host tissue.
Thus it seems likely that plants deficient in potassium may be more 
severely injured by root-knot than plants growing on higher levels of 
this element.
The beneficial effect of potassium fertilisers is still in dispute. 
It has been claimed by Bessey (2) that potassium may increase the 
resisting power of the plant against the entrance of the nematode into 
the roots. According to the present findings, nematodes were able to 
enter plants regardless of the nutritional status. As a matter of fact
they were able to increase in number and reproduce faster under high
potassium levels. Thus, heavy application of potassium is likely to 
promote the building up and maintenance of nematode populations. At 
the same time, such excessive application protects the plant to some 
extent from nematode injury. A possible explanation to this condition, 
is that a considerable amount of this element is required for nutrition 
and egg production of this nematode, as well as being an important
mineral element for growth of the host plant.
It seems apparent that presence of nematodes affect nutrition of 
the host plant. These effects may be due to the fact that: (l) Root
systems of plants infected by root-knot nematodes are much reduced and 
therefor© absorb nutrients from a smaller volume of soil than the roots 
of healthy plants. (2) The galls produced by nematodes involve vascu­
lar tissue of the roots and thus interfere with translocation of 
nutrients. (3) Because of the interference of the nematodes with the 
root system the metabolic activities of the plants could conceivably 
be altered. (Is,) Possibly the differential absorption of potassium shown 
by the plants was due in some degree to the use of this element by
3?
nematodes for their nutrition and egg production* As a result any- 
marked disturbance of host metabolism by mineral deficiency might 
affect the relationship with the parasite in such a way as to increase 
the competition for elaborated food and perhaps for mineral nutrients* 
Explanation then of the disturbing changes in plant nutrition as a 
result of nematode Infection can result in much controversy. This 
subject of plant nutrition in relation to nematode diseases is much 
too embryonic to permit generalizations. Until some time when complete 
nutrition of the plant and the nematode are both better understood no 
Single interrelationship can be fully understood.
Henderson lima boan plants were grown in sand culture inoculated 
with the root-knot nematode, Heloidogyne incognita. Effects of a com­
plete nutrient solution, deficient solutions of nitrogen, phosphorous 
and potassium as well as excessive solutions of these three elements 
were studied. Results showed a wide difference in the degree of suscept­
ibility of plants to nematode infection in the deficient nitrogen, 
phosphorous and potassium series even though all the plants showed re­
duced vigor. Nematode injury was pronounced particularly in plants 
deficient in potassium. Excessive nitrogen promoted development of 
root-knot symptoms. Excessive phosphorous showed no effect. Excessive 
potassium apparently plays an important role in the response of lima 
bean plants to nematode infection. Chemical analysis showed that 
infected plants had lower N, P, Ca, Mg, and considerably lower K con­
tents as compared to healthy plants. When potassium was supplied in 
an excessive level infected plants made almost normal growth and 
maintained mineral levels comparable to control plants. Studies on the 
effect of potassium nutrition of the host on development of the parasite 
indicate that the length of time ©lapsed from inoculation to egg 
deposition was 1*0, 2)4 and 16 days in the deficient, optimum and exces­
sive potassium series respectively. Rate of nematode reproduction was 
also increased oorresponding ly with potassium supply. Thus it appears, 
that heavy application of potassium favors rapid development and repro­
duction of the nematode, and at the same time protects the plants to 
some extent from nematode injury. Thus it appears that a considerable
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amount of potassium is required for nutrition and egg production of 
this nematode, as well as for the growth of the plant. Hence, 
potassium applications to plants growing in nematode infested soils 
would increase plant growth, provided the soil is deficient in this 
element. Unfortunately, such treatment will also serve to promote 
increase of the root-knot nematode population.
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figure 1* Btfmctm of various l&mla of nutrient troatiawit* on 
freak eelght# of lisaa bean plante infected nith ̂ loidogame 
JlKSttUfe*
Figure 2m Idoft bean plants gram In a deficient potassium 
solution and inoculated with thre© lewis of egg masses 
of If. iiico^ t a.
Figure 3*  tdaa bean plants grown in a couplet© nutrient
solution and inoculated with thre© lewis of egg laasse® 
of jaccsttiltiu
Figure lu Xdo* bean plant® grown in an excessive potassium 
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Figure Healthy pod® of 11m boars plant® as cosapared to 
thoa® aathlblttag potassium deficiency a® a result of 
hea*y n&natocto inoculum. Moticro the ehlorotic, dry 
discoloration area® along- the pod®.
44.
Figure 6« E f f o f  deficient, optimum and excessive 
potassium levels on dry efcights of H m  bean plants 
inoculated with three levels of egg meeee of
H* b»Qgnita> K^= deficient potassium level; K0= 
approximately optimum potassium level; K^= excessive 
level of potassium#
dry w e ig h t s  in g r a m s
— ro wo o o o o
Figure 7* Differential absorption of certain w&mml elements 
bgr lime bean plants infected oith throe levels of egg 
mamma of jr. incognito when potassium supply of the hoot 
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Figure 3* l&tfeet or potaeadom enpply on the nm&er of tmmlsm 




















UNIT OF INOCULUM (EGG MASSES)
Figure ?« Effoet of potassdum supply on Vkm mwatosr of ©gg 
M i «  per gram of root of infected lisa bean plants






















UNIT OF INOCULUM (EGG MASSES)
Figure* 10# Effect of potassium supply on tfa» mte of repro­
duction of ths nan&toda j4* laaoogiaits*. Rate of reproduction 
is determined by dividing the number of egg masses by the 
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Figure XX• Tteralopraont of the rootHcnot rarcaatode jj.
within the root tissue of Him bean plants*
Stage A «— In c lu d e s  la m #  from  the simge ehere tte y  te w  
begun to grow to the stage ’̂ hmm thagr ©till p ( m s 9 a 
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Figure 1km of the root-fcnot msmtode M* jneoEiilta
eittiln tb® root tissue of 11m haan plants,
-tafo f —  Includes famles that are fully presm or almost 
fully *pr*a*m but haw not yet lai<? nags.
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Flguve V>* Itevolqpmmt of W» root-taofc zienrtodte 
wt+Aln th© root ties**© of 1im boan 
stag© E —  Xneltjdea o^nLagrtiir f*a&l©8«
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